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The Spermonde Archipelago is a complex of∼70mostly populated islands off Southwest
Sulawesi, Indonesia, in the center of the Coral Triangle. The reefs in this area are
exposed to a high level of anthropogenic disturbances. Previous studies have shown that
variation in the benthos is strongly linked to water quality and distance from the mainland.
However, little is known about the fish assemblages of the region and if their community
structure also follows a relationship with benthic structure and distance from shore. In
this study, we used eight islands of the archipelago, varying in distance from 1 to 55 km
relative to themainland, and 3 years of surveys, to describe benthic and fish assemblages
and to examine the spatial and temporal influence of benthic composition on the structure
of the fish assemblages. Cluster analysis indicated that distinct groups of fish were
associated with distance, while few species were present across the entire range of
sites. Relating fish communities to benthic composition using a multivariate generalized
linear model confirmed that fish groups relate to structural complexity (rugosity) or
differing benthic groups; either algae, reef builders (coral and crustose coralline algae)
or invertebrates and rubble. From these relationships we can identify sets of fish species
that may be lost given continued degradation of the Spermonde reefs. Lastly, the
incorporation of water quality, benthic and fish indices indicates that local coral reefs
responded positively after an acute disturbance in 2013 with increases in reef builders
and fish diversity over relatively short (1 year) time frames. This study contributes an
important, missing component (fish community structure) to the growing literature on the
Spermonde Archipelago, a system that features environmental pressures common in the
greater Southeast Asian region.
Keywords: Acanthaster spp., environmental gradient, Coral Triangle, Indonesia, coral reefs, fish-habitat
association, community composition
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INTRODUCTION
The distribution of fishes among coral reefs has been central
to numerous studies throughout coastal and oceanic areas of
the world (Bellwood and Hughes, 2001; Wismer et al., 2009;
Kulbicki et al., 2013), including areas of research testing theories
in biodiversity (Connolly et al., 2003) and assessing ecosystem
function (Stuart-Smith et al., 2013), ecosystem services (Worm
et al., 2006), the impacts of global and local disturbances (Wilson
et al., 2006) and importantly, defining the baseline status of
communities with respect to the presence of species and their
abundances. The links between ecosystem variation and coral
reef fish assemblages have been studied across a wide range
of spatial scales (Bell and Galzin, 1984; Bellwood and Hughes,
2001; Alvarez-Filip et al., 2009; Wismer et al., 2009; Chong-Seng
et al., 2012) and short and long temporal scales (Pandolfi et al.,
2003; McClanahan et al., 2007; Babcock et al., 2010; Alvarez-
Filip et al., 2015; Plass-Johnson et al., 2016b). It is well-known
that the structure of coral reef fish assemblages and biodiversity
are strongly linked to ecosystem health and functioning (Wismer
et al., 2009; Chong-Seng et al., 2012). Although the relationship
between coral reef fish communities and the habitat is complex,
live coral cover, and diversity (Chabanet et al., 1997) and
structural complexity (rugosity) have been found to be the most
important determinants (Gratwicke and Speight, 2005; Alvarez-
Filip et al., 2009; Graham and Nash, 2013). The sensitivity of
coral reef fishes to changes in the habitat potentially make them
important conveyors of local and regional ecosystem change
(Graham et al., 2006; Wilson et al., 2010; Pratchett et al., 2011).
The Coral Triangle is the most diverse marine region in the
world and accounts for 75% of all known coral species and more
than 3,000 fish species (Veron et al., 2009; Burke et al., 2012).
Marine resources of the Coral Triangle support ∼130 million
people locally, with tens of millions more when considering
exports (Burke et al., 2011). Within this area, localized, human-
derived pressure on coral reefs is considered to be of greater
immediate concern than large-scale global pressures. A recent
report has rated 85% of the reefs within the Coral Triangle as
threatened, with overfishing, including destructive techniques,
development and watershed pollution as the most pervasive and
damaging threats (Burke et al., 2012). Although studies that
examine processes that might drive ecosystem regime shifts are
important, studies of their consequences on species’ distributions
and how long these effects last are critical to evaluate the potential
impacts of global and local disturbances.
The extent and concentration of nutrient enrichment
in coastal waters directly influence primary and secondary
production, which in turn has substantial effects on the growth
of scleractinian corals (Fabricius, 2011). In the Spermonde
Archipelago (Southwest Sulawesi, Indonesia), long-term
exposure to a pronounced on-to-offshore gradient in water
quality from mainland Sulawesi has been a strong determinant
in structuring coral reef benthic communities (Becking et al.,
2006; Plass-Johnson et al., 2016a) and corals in particular (Sawall
et al., 2013; Polónia et al., 2015). Nearshore sites have low
coral diversity (Cleary et al., 2005) and structural complexity
(Plass-Johnson et al., 2016b) and high abundances of turf algae
(Plass-Johnson et al., 2016a). However, benthic communities
are also structured by acute impacts such as dynamite fishing
(Pet-Soede and Erdmann, 1998b; Sawall et al., 2013) and
outbreaks of crown-of-thorns starfish (CoTS; Acanthaster cf.
solaris, Vogler et al., 2008; Baird et al., 2013). A CoTS outbreak
occurred in 2013, causing extensive loss of live coral at some sites
(Plass-Johnson et al., 2015b). While the on-to-offshore gradient
in coral cover is driven by the capacity of individual species to
adapt in the long term to changing water conditions (Sawall
et al., 2011), the short-term effect of acute disturbances will be
determined by new recruitment and growth. Given the strong
dependence of coral reef fishes on their coral habitat, spatial
and temporal changes in the benthic habitat are expected to be
reflected in the fish assemblages.
Although the benthic communities of the Spermonde
Archipelago have received much attention (Edinger et al., 2000;
Cleary et al., 2005; Becking et al., 2006; de Voogd et al., 2006; van
der Ent et al., 2016; Kegler et al., 2017), relatively little work has
focused on the consequences of benthic habitat disturbances for
fish assemblages. The little data available have shown variation
in fish species diversity following an on-to-offshore gradient in
water quality and benthic communities, while their functional
assemblage becomes more variable across very short time spans
(hours) with an increase in disturbance (Plass-Johnson et al.,
2016b). Nevertheless, the important function of herbivory is
maintained across the archipelago, breaking down only in the
most extreme environments (Plass-Johnson et al., 2015a). This
is likely driven by the capacity of species to vary their trophic
niche (Plass-Johnson et al., 2013, 2018). Changes in the fish
assemblages are most likely linked to the degree of habitat
degradation, where some fish species may have the capacity to
persist because their trait composition allows adaptation while
others will decrease in abundance due to their strong association
with the habitat.
The general objective of this study was to fill a knowledge-gap
concerning the fish communities of the Spermonde Archipelago
by providing general patterns in fish communities, changes
in their composition relative to an environmental gradient,
and also provide data on species’ distributions and relative
abundances. Specific objectives were to (i) describe the coral
reef fish assemblages in detail across an on-to-offshore gradient
in the Spermonde Archipelago for 2012 through 2014; (ii)
relate fish abundances to general proxies of habitat conditions;
(iii) examine inter-annual stability of fish species assemblages
across a spatial gradient across years that include strong,
acute habitat disturbances; and lastly (iv) provide a general
interpretation of the relative state of the reefs based on
environmental and community indices. To accomplish this we
surveyed fish and benthic assemblages and water quality at
eight islands across the continental shelf off southwest Sulawesi,
Indonesia, across 3 years. We examined within-year changes
in fish assemblages, providing both quantitative and qualitative
comparisons. Secondly, we conducted a time-series analysis
to compare assemblages among years to examine inter-annual
variation in abundances. These data provide a detailed report
of the fish communities and how these communities react to
relevant environmental drivers in the Spermonde Archipelago,
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thereby providing a baseline for future research, but we also
interpret the relative state of the reefs based on less-specific
environmental and community indices.
METHODS AND MATERIALS
Study Site
This study was conducted across 3 consecutive years during the
annual dry season in the Spermonde Archipelago, Indonesia.
The first sampling campaign occurred between the 20th
of September and the 11th of October, 2012. The second
sampling was between the September 22nd and October 1st,
2013, and the third sampling was between the 16th and
29th of November, 2014. Consistently utilizing the dry season
standardized sampling among years and also presented the most
stable environment to guarantee successful sampling campaigns
and allowing for a balanced experimental design. To relate
patterns in fish communities to their habitat under consideration
of the previously identified on-to-offshore gradients in water
quality and benthos, eight islands with increasing distance
from the city of Makassar were chosen (Figure 1). In order of
increasing distance from shore, with distance in brackets, the
islands comprised Laelae (LL; 05◦08S, 119◦23E, 1 km), Samalona
(SA; 05◦07S, 119◦20E, 7 km), Barrang Lompo (BL; 05◦02S,
119◦19E, 11 km), Bonetambung (BO; 05◦01S, 119◦16E, 14 km),
Badi (BA; 04◦57S, 119◦16E, 19 km), Lumulumu (LU; 04◦58S,
119◦12E, 22 km), Karang Kassi (KS; 04◦53S, 119◦09E, 27 km),
and Kapoposang (KP; 04◦41S, 118◦57E, 55 km; Figure 1).
All islands are located on the continental shelf and, apart from
KP, experience similar oceanographic conditions with respect
to wave exposure and currents. KP was the only site which
differed; located on the edge of the continental shelf, this site is
exposed to deep oceanic waters, and stronger waves and currents.
The northwest corner of each island (except KP) was used to
standardize the sampling sites among reefs. The western sides
of the islands generally feature a well-developed, carbonate fore-
reef and a sandy back-reef and flat. The reef crest was shallow
(∼3m) and the slope reaches down to 15m. The last study site,
KP, was located on the reef edge above the outer continental shelf
wall (Figure 1). Work at KP was conducted at the northeast side
of the island at the edge of the carbonate shelf because this area
displays the highest level of reef accretion. Although KP differs
from the other seven sites in habitat structure and wave exposure,
fish communities at the other sites are subsets of the species at
KP, with a small proportion of species present at each island due
to adaptation to degraded habitats (Allen and Erdmann, 2012).
Given KP’s distance from the mainland, it receives no land-based
eﬄuents and minimal fishing pressure. Thus, the benthic and
fish communities there represent a relatively healthy state of reef
habitat allowing for comparative analyses. This site, however,
should not be interpreted as a control because the presence
of some fish species is determined by unique ecological niches
created by the site’s specific oceanographic conditions.
At each site, three 50m permanent transects were installed
along the reef and parallel to the shore, where all fish, benthic,
and water environmental data were collected (see Teichberg
et al., 2018 for details on water environmental data). Transects
were standardized at 2m below the reef crest, which for each
site fell between 4 and 5m depth at low tide. Transects were
separated by at least 10m, and the beginning and end of each
transect were marked with steel rebar to provide attachment
points for the transect tapes. All work, including fish and benthic
surveys, were conducted during multiple dives throughout 1
day at each site. Fish surveys were always conducted by the
same observer (JPJ) with one dive per transect. Benthic data was
collected by a second diver following the first diver so as not to
interfere with fish behavior. Work was started at a standardized
time each day (08:00 h); weather was always sunny and dry with
minimal wave energy.
Fish Surveys
Visual surveys of fish species were conducted within 2.5m on
either side of the permanent transects. The fish survey method
followed Hill and Wilkinson (2004; fish belt transects), however
this was modified to count both mobile and small species during
the same survey. This was justified because mobile species had
limited contribution to the communities allowing for greater
focus on small species. Estimations of small schooling species
were performed by identifying the area needed for 10 individuals
of the same size, and this was multiplied to fit the entire school.
This may have implications for abundance estimates within a size
range if school aggregations separated based on size classes. If size
groupings were observed, abundance estimates were modified to
include only the space where those sizes were observable. All
individuals of fish species >3 cm were counted and their size
estimated to the nearest cm. Cryptic and transient, pelagic species
were not recorded because accurate counts and identification
could not be guaranteed in the former or, in the case of the
latter, they have limited association with the reef as habitat.
The exclusion of these species may result in over- or under-
reporting structural changes at the community level in the fishes.
Subsequent analyses identified the important functional group
of herbivores to see their contribution to the biomass of the
fish assemblages. Identification of species and diets followed
Allen and Erdmann (2012), Green and Bellwood (2009), and
FishBase.org (Froese and Pauly, 2016). Biomass of fishes was
calculated from individual size observations using length-weight
relationships obtained from Kulbicki et al. (2005).
Fish Community Indices
For each transect, a number of community indices were
calculated. These included: the total number of species, total
abundance, total fish community biomass, herbivore biomass, the
slope of the log-linear size spectrum of the total fish community
(henceforth termed “slope”) and its y-intercept rescaled to the
mid-point (henceforth termed “intercept”) (Daan et al., 2005;
Graham et al., 2005). The slope is calculated by fitting a linear
regression through the data points of the community-wide
size frequency distribution, and intercept is the y-intercept of
this slope when the y-axis is rescaled to the mid-point of the
community-wide data. Slope and y-intercept are indicators of
fishing where an increasingly negative slope across the size–
spectrum results from the loss of large bodied fishes and a
lower y-intercept results from a net reduction in abundances
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FIGURE 1 | Map of the Spermonde Archipelago, Indonesia indicating the sampling sites. The lowest box indicates southwest Sulawesi relative to Indonesia and the
middle inset indicates the location of the Spermonde Archipelago off southwest Sulawesi.
(Graham et al., 2005). Green and Bellwood (2009) was used
to define herbivores. Each community index was analyzed with
permutational analysis of variance (PERMANOVA) with year as
a categorical factor and distance as a covariate. The full model,
including the interaction, was assessed to check the assumption of
homogeneity of slopes. When the interaction was significant, the
effect was considered with regard to year. When the interaction
was non-significant, it was removed from the model and the
model was rerun.
Spatial and Temporal Analysis
To examine the spatial and temporal variation within fish
communities at the species level, separate hierarchical cluster
analyses were performed on fish assemblages for each year using
the Bray-Curtis dissimilarity coefficient as the distance measure
on fourth-root transformed data to reduce the influence of highly
abundant species (Clarke et al., 2014). Rare fish species were
removed from the analysis if their abundance was <0.1% of the
total abundance across species within a year. Rare fish species
can perform some of the most important ecological functions
on coral reefs (Bellwood et al., 2003; Mouillot et al., 2013;
Plass-Johnson et al., 2014) but their removal was considered
appropriate because at very low abundances, encounter of species
involves a stochastic element. Furthermore, our study concerns
spatial and temporal patterns of communities, and the presence
of rare species was considered to unduly influence clustering
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patterns (Busby et al., 2014). A hierarchical agglomerative cluster
analysis was used with a flexible beta clustering method with
β = −0.25. Significant clusters were identified via similarity
profile analysis (SIMPROF) (Clarke et al., 2008) with α = 0.05.
A similar clustering analysis was performed on sites to identify
differences in fish communities among sites.
Differences in species composition across all years were
examined with PERMANOVA using year and site as factors.
As with the cluster analysis, PERMANOVAs were performed
with the Bray-Curtis dissimilarity coefficient on fourth-root
transformed abundances. When the overall test was significant,
pairwise multiple comparison tests were conducted. Where
significant differences were found (p < 0.05), a similarity
percentages (SIMPER) (Clarke, 1993) analysis was used to
identify the discriminating species. PERMANOVAs, cluster
analyses and SIMPROF tests were all performed in PRIMER+
PERMANOVA v. 7.
Benthic-Fish Relationship
To determine whether fish communities were influenced
by health of the benthic community, benthic community
assessments reported in Teichberg et al. (2018) were
recategorized into the following biotic groups: reef builders
(crustose coralline algae [CCA] and live scleractinian coral),
other invertebrates (defined as all non-scleractinian organisms),
algae (macroalgae and turf algae), and cyanobacteria. A
composite indicator of benthic community health was then
derived by conducting a principal component analysis (PCA)
of the benthic data. These broad benthic groupings based on
Smith et al. (2016) were used because they represent temporal
trajectories in reef health where increases in reef builders
indicate carbonate accretion while fleshy algae indicate net loss
of carbonate on a reef. As described in Teichberg et al. (2018),
benthic communities were quantified with 50 photographic
quadrats per 50m transect. Photographs were taken at 1m
(standardized with a measuring pole) above the substratum,
every 2m along each transect. At every second meter, a
photograph was taken on both sides of the transect tape, with a
section of the tape within the picture, to identify total area of the
picture. Analysis of the pictures was conducted with Coral Point
Count with Excel extensions (CPCE; Kohler and Gill, 2006). Fifty
randomized points (based on results from power analysis) were
analyzed per photograph and classified into the biotic groups.
To complement this, surface structure was also identified when
benthic cover was any biotic group except live scleractinian coral.
Surface structure groups comprised sand, rubble and pavement,
with the latter two groups largely dominated by differing
morphological forms of dead coral. Lastly, by combining live
scleractinian coral with CCA, information is lost about the
important contribution of structural complexity to the habitats.
Therefore, rugosity was included as an additional measurement
of the benthic habitat, and this was assessed with the linear
distance-fitted chain method (Risk, 1972). The chain length used
was 20m, and measurement was conducted once per transect,
starting at the first 10m point.
To determine the relationship among benthic and fish
communities, all benthic data were first analyzed with PCA
(performed in PRIMER+ PERMANOVA v. 7) on square-root
transformed data from which PC1 and PC2 were then used
in multivariate generalized linear models (manyglm) from the
mvabund package in R (Wang et al., 2012). Manyglm fits a
separate, univariate, generalized linear model to the recorded
abundance of each taxon and relates each abundance to a
common set of explanatory variables to create a multivariate
analysis across taxa. The function uses resampling-based
hypothesis testing to make community-level and taxon-specific
inferences, returning a multivariate analysis testing which factors
or environmental variables are associated with the multivariate
abundances (i.e., with the community of species as a whole).
Manyglm was applied to each year and group of fish, i.e.,
y∼Benthic PC1 + Benthic PC2, where y is a multispecies fish
group identified by cluster analysis within a year, with a negative
binomial distribution to determine the benthic groups that were
most related to the fish abundances. A new model was fitted
for each species group, resulting in a total of 22 models. Model
fits were assessed by examining residual plots. Additionally, the
relationships of individual species with the benthic PCs were also
examined to see which species are contributing to patterns at the
community level, i.e., y∼Benthic PC1 + Benthic PC2, where y is
a species within a year. All analyses were conducted at the level of
transect.
Status of Spermonde Reefs (2012–2014)
To relate the state of reefs to each other, and assess how their
status changed throughout the 3 years of sampling, PCAs were
performed on the normalized fish community indices, and on
water quality variables (data reported in Teichberg et al., 2018
and taken during the same sampling campaign). The first PCs
from the benthic data (see section Benthic-Fish Relationship),
fish indices, and water quality variables were then plotted in a
bubble plot to visualize their relationships among sites and years.
Fish indices were standardized prior to analyses because they
involve highly differing values.
RESULTS
Fish Community Indices
Overall, the total number of fish species was >100 across all
sites, with the highest species number of 125 occurring in 2012
compared to 117 and 111 in 2014 and 2013, respectively. These
totals consisted of many rare species (<0.1%), where only 53,
39, and 41% of all species contributed ≥0.1% of total abundance
in 2012, 2013, and 2014, respectively, and were included for
further analyses (see Supplementary Table 1 for full list of species
recorded).
Among the fish indices, number of species, total and herbivore
biomass, slope, and intercept increased in values with increasing
distance from shore (Table 1). All PERMANOVAs, including the
covariate interaction, of the fish indices, except for abundance,
found distance to be significant (Table 1). The interaction was
significant for the number of species and total biomass, showing
that trends differed among years. In the reduced models, distance
was significant for herbivore biomass, intercept and slope, and
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TABLE 1 | Results of PERMANOVA with distance (Di) as covariate of fish community indices.
Full model Reduced model
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm)
ABUNDANCE
Di 1 3.01 3.01 3.07 0.09 Di 1 3.01 3.01 3.17 0.08
Ye 2 0.44 0.22 0.22 0.80 Ye 2 0.44 0.22 0.23 0.80
DixYe 2 0.02 0.01 0.01 0.99 Res 62 58.71 0.95
Res 60 58.69 0.98 Total 65 62.16
Total 65 62.16
HERB. BIOMASS
Di 1 52.11 52.11 16.74 <0.01 Di 1 52.11 52.11 16.11 <0.01
Ye 2 18.79 9.40 3.02 0.06 Ye 2 18.79 9.40 2.90 0.06
DixYe 2 13.82 6.91 2.22 0.12 Res 62 200.57 3.24
Res 60 186.76 3.11 Total 65 271.47
Total 65 271.47
INTERCEPT
Di 1 4.29 4.29 9.32 <0.01 Di 1 4.29 4.29 9.41 <0.01
Ye 2 0.21 0.11 0.23 0.79 Ye 2 0.21 0.11 0.23 0.79
DixYe 2 0.64 0.32 0.69 0.51 Res 62 28.24 0.46
Res 60 27.60 0.46 Total 65 32.74
Total 65 32.74
SLOPE
Di 1 0.03 0.03 4.96 0.03 Di 1 0.03 0.03 5.05 0.03
Ye 2 0.02 0.01 1.19 0.31 Ye 2 0.02 0.01 1.21 0.31
DixYe 2 0.01 0.00 0.46 0.63 Res 62 0.39 0.01
Res 60 0.38 0.01 Total 65 0.44
Total 65 0.44
NO. SPECIES
Di 1 0.87 0.87 26.11 <0.01
Ye 2 0.12 0.06 1.80 0.18
DixYe 2 0.26 0.13 3.89 0.03
Res 60 2.01 0.03
Total 65 3.26
TOT. BIOMASS
Di 1 85.10 85.10 29.86 <0.01
Ye 2 5.22 2.61 0.92 0.41
DixYe 2 33.68 16.84 5.91 <0.01
Res 60 171.02 2.85
Total 65 295.02
Non-significance in the full model resulted in a second run of a reduced model with the interaction (Year [Ye] × Di) dropped. Significant probabilities are given in bold.
sampling year did not have a significant influence on any of the
indices (Table 1).
Spatial and Temporal Patterns in Species
Assemblages
Cluster analyses indicated that species assemblages and site
groups (groups of sites that are similar in their fish community
composition) were unique in 2013 compared to 2012 and 2014
(Figures 2–4 and Supplementary Figure 1). This was supported
by the PERMANOVA [site × year: Pseudo-F(1, 62) = 2.811,
p < 0.001], where fish assemblages in 2013 differed from
2012 [Pseudo-F(1, 41) = 1.502, p = 0.012] and 2014 [Pseudo-
F(1, 41) = 1.889, p = 0.002]. Fish assemblages in 2012 and
2014 were not significantly different from each other [Pseudo-
F(1, 41) = 3.531, p = 0.15]. The taxa contributing most to
differences between 2012 and 2013 as indicated through the
SIMPER analysis were Pomacentrus aurifrons, Pomacentrus
alexanderae, Pomacentrus adelus, Chrysiptera rollandi, and
Scarus flavipectoralis (Figures 2, 3). These species contributed
a total of 30% of the difference between years. Much of the
difference (31%) between 2013 and 2014 was attributed to the
same species and additionally to Pomacentrus burroughi and
Cirrhilabrus ryukyuensis (Figures 3, 4).
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FIGURE 2 | Shade plot of relative species abundances in 2012. Results of cluster analysis showing significant groups (SIMPROF test) of species (capital lettering on
species dendrogram and indicated with red dotted line) and sites (numbered subscript on site acronyms and identified in Supplementary Figure 1) with relative
abundance of fish indicated in the shade plot. Sites are ordered from top to bottom increasing in distance from the mainland (Figure 1). Subscript on species groups
indicates a significant relationship with PCs of the benthic PCA (Supplementary Figure 3) as evaluated by multivariate GLM (Supplementary Table 2). Bolded species
names indicate a specie that is related to at least one of the two (indicated in parentheses after specie name) benthic PCs. Full results for individual species can be
found in Supplementary Table 1.
From the cluster analyses it appears that some species
groups and station groups were related to distance from shore
(Figures 2–4). In 2012, the assemblage structure consisted of
nine species groups (A–I; groups of species that display similar
distribution in their abundances across the sites) and three
site groups (1–3) (Figure 2 and Supplementary Figure 1). The
six middle sites grouped together (site group 2), with the two
end sites, LL (site group 1) and KP (site group 3), forming a
separate category each (Figure 2 and Supplementary Figure 1).
Moderate to high abundances of species in group A12 (henceforth
subscript indicates survey year [i.e., 2012: 12; 2013: 13; 2014:
14] for species groups) characterized the middle sites (group
2), with Pomacentrus alexanderae, Chrysiptera rollandi, and
Scarus flavipectoralis having very high abundances at many sites
(Figure 2). Species groups D12, H12, and B12 contained species
robust to highly degraded habitats as they were characteristic
of LL (group 1), with Pomacentrus tripunctatus displaying very
high abundances. The species of groups D12, H12, and B12 were
not unique to LL, and many of them were also present in
low abundances among middle sites (site group 2; Figure 2).
KP was characterized by species groups C12 and F12. Species
of group F12 were mostly restricted to KP, while some of the
species in group C12 were also found in low abundances at some
of the middle sites (Figure 2). Pseudanthias dispar, Chrysiptera
rex, and Odonus niger (group F12) had the highest abundances
at KP.
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FIGURE 3 | Shade plot of relative species abundances in 2013. Results of cluster analysis showing significant groups (SIMPROF test) of species (capital lettering on
species dendrogram and indicated with red dotted line) and sites (numbered subscript on site acronyms and identified in Supplementary Figure 1) with relative
abundance of fish indicated in the shade plot. Sites are ordered from top to bottom increasing in distance from the mainland (Figure 1). Subscript on species groups
indicates a significant relationship with PCs of the benthic PCA (Supplementary Figure 3) as evaluated by multivariate GLM (Supplementary Table 2). Bolded species
names indicate a specie that is related to at least one of the two (indicated in parentheses after specie name) benthic PCs. Full results for individual species can be
found in Supplementary Table 1.
Cluster analysis and ANOSIM indicated that site groupings in
2013 separated into four groups (1, 2a, 2b, 3) and the assemblage
structure consisted of seven species groups (A–G; Figure 3 and
Supplementary Figure 1). While LL (site group 1) and KP (site
group 3) again each constituted a distinct category, site group
2 from 2012 split into two groups (2a and 2b) in 2013. The
new site group 2b consisted of the third and fourth farthest sites
from the mainland (Figures 2, 3 and Supplementary Figure 1).
A second group among the middle sites in 2013 consisted of the
second and fifth through seventh (site group 2a; in distance from
shore) sites (Figure 3 and Supplementary Figure 1). Similar to
2012, species group A13 was found across the middle sites (site
groups 2a and 2b); however, the number of species in that group
was much reduced (Figure 3). Species with high abundances
in species group A13 were Pomacentrus aurifrons, Pomacentrus
burroughi, and Pomacentrus alexanderae. Site group 2b was
much reduced in the number of species compared to site group
2 in 2012 (Figures 2, 3). Site group 2a shared many of the
species from 2012. Pomacentrus moluccensis, Neopomacentrus
filamentosus, Neoglyphidodon nigroris, and Amblyglyphidodon
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FIGURE 4 | Shade plot of relative species abundances in 2014. Results of cluster analysis showing significant groups (SIMPROF test) of species (capital lettering on
species dendrogram and indicated with red dotted line) and sites (numbered subscript on site acronyms and identified in Supplementary Figure 1) with relative
abundance of fish indicated in the shade plot. Sites are ordered from top to bottom increasing in distance from the mainland (Figure 1). Subscript on species groups
indicates a significant relationship with PCs of the benthic PCA (Supplementary Figure 3) as evaluated by multivariate GLM (Supplementary Table 2). Bolded species
names indicate a specie that is related to at least one of the two (indicated in parentheses after specie name) benthic PCs. Full results for individual species can be
found in Supplementary Table 1.
curacao all had high abundances at site group 2a. Species groups
C13, E13, and G13 occurred, with varying abundances, across
both groups of middle sites. KP was also characterized by many
of the same species as in 2012, and these were exclusive to
this site (Figure 3). In contrast to the previous year, one group
of species (group D13; Pomacentrus tripunctatis, Cheilodipterus
singapurensis, Aeoliscus strigatus, and Scolopsis xenochrous) was
unique to LL.
In 2014 there were five species groups (A14–F14) and three
site groups (1–3; Figure 4 and Supplementary Figure 1). The site
groupings were the same as 2012 (Figures 2, 4). Species group
A14, with very high abundances of Pomacentrus alexanderae
and Pomacentrus adelus, was present across all site groups. The
species group B14 was present at all sites but with markedly low
abundances for LL. Pomacentrus aurifrons was particularly high
in abundance for this species group. KP again was characterized
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by a group of species with high abundance mostly restricted to
this site (species group D14). Species group F14 comprised of a
few species that were found in high abundances at LL (Figure 4).
Benthic-Fish Relationships
Across years and sites the dominant benthic biotic group was
algae (Table 2), with a large proportion of this being turf algae
(see Teichberg et al., 2018 for more detailed description of
benthic groups). The cover of algae was generally lowest at KP, the
site furthest from the mainland, and increased at each site closer
to shore. The exception was the site closest to shore, LL, where
algal cover was relatively low (Table 2). Reef builders displayed
an opposing trend, with offshore sites having highest cover and
nearshore sites the lowest (Table 2). In 2013, BO (the fourth site
along the gradient) had the lowest cover of reef builders (3%);
however, this rebounded to 13% in 2014 (Teichberg et al., 2018).
Likewise, in 2012 and 2013 LU (the sixth site along the gradient)
had ∼35% cover of reef builders, but this increased drastically in
2014 to 71% (Table 2) due to growth of crustose coralline algae.
The PCA on benthic communities found that much of the
information was retained on the first two axes (70.4%, henceforth
termed PC1benthic and PC2benthic; Supplementary Figures 2, 3).
PC1benthic was largely determined by algae, reef builders and
rugosity, while PC2benthic was affected by other invertebrates,
rubble and reef builders (Supplementary Figure 2). In general,
there was a pattern, moving left to right along PC1benthic, that
corresponded with a shift from algae to an increase in reef builder
cover (Figure 5). Therefore PC1benthic can be seen as a surrogate
for benthic condition as defined by Smith et al. (2016), while
PC2benthic is characterized by other invertebrates and rubble.
Using PC1benthic and PC2benthic for the manyglm analysis on
fish abundances for each year provides evidence that benthic
condition affected some fish groups, although a few were not
significantly related to the benthos. For 2012, species group A12
was affected by both PC1benthic and PC2benthic (Figure 2, see
subscripts top panel, Supplementary Table 2). Species groups
G12 and F12 were related to PC1benthic alone (Table 2). In
2013 species group A13 was also related to both PCsbenthic
(Figure 3, Supplementary Table 2), E13 and F13 were related
to PC1benthic and B13, C13 and D13 were related to PC2benthic
(Figure 3, Supplementary Table 2). In 2014 only species group
B14 was significantly related to any benthic PC, being linked
to both PC1benthic and PC2benthic (Figure 4, Supplementary
Table 2).
Among individual species only two species,
Amblyglyphidodon curacao and Neoglyphidodon nigroris,
were related to at least one benthic PC for each year of the
analyses (Figures 2–4 and Supplementary Table 1). Nine
species (Cheilinus fasciatus, Chromis margaritifer, Dischistodus
prosopotaenia, Pomacentrus adelus, Pomacentrus alexanderae,
Pomacentrus aurifrons, Scolopsis xenochrous, and Thalassoma
hardwicke) were related to the same benthic PC in two different
years, and 23 species showed a significant relationship to one
benthic PC in one of the years. Of all the species displaying
significant relationships with the benthic PCs (36), the majority
(28) were related to PC1benthic. Interestingly, species with very
high abundances at KP only displayed significant relationships
to PC1benthic, never to PC2benthic, while abundant species at
LL (Scolopsis xenochrous and Pomacentrus tripunctatis) only
displayed significant relationships to PC2benthic.
TABLE 2 | Average (% ±SE) cover of benthic functional groups [OI, other invertebrates (sponges, tunicates, etc.), Algae (macroalgae + turf algae), RB, reef builders (live
coral + CCA), Rubble] and structural complexity (Rug = rugosity).
Site Dist. (km) 2012 2013 2014
Rug OI Algae RB Rubble Rug OI Algae RB Rubble Rug OI Algae RB Rubble
Laelae 1 1.47 13.1 40.3 4.0 23.1 1.40 23.2 27.3 5.0 0.7 1.41 16.1 35.2 5.4 15.7
SE 0.02 0.1 2.7 0.4 3.2 0.03 4.6 1.8 1.5 0.5 0.04 0.6 1.6 0.9 2.6
Samalona 7 1.52 6.5 51.0 23.6 42.4 1.63 10.5 73.5 9.0 42.7 1.63 5.0 60.6 16.1 54.7
SE 0.09 2.3 0.5 2.0 1.8 0.04 4.5 3.4 1.2 3.9 0.12 0.5 1.4 2.1 2.2
Barrang Lompo 11 2.22 5.0 34.1 33.4 32.8 1.59 4.1 64.3 17.0 20.8 1.83 8.8 37.6 24.2 29.9
SE 0.26 0.5 3.4 6.0 2.9 0.10 0.6 4.4 4.4 1.2 0.37 1.0 1.7 4.9 2.1
Bonetambung 14 1.59 8.2 51.7 15.4 39.6 1.63 4.0 81.3 3.0 25.0 1.81 11.3 50.9 13.0 34.0
SE 0.15 1.6 1.6 0.9 3.7 0.06 0.4 2.9 0.4 4.2 0.23 1.8 0.5 0.5 3.8
Badi 19 2.10 6.7 33.3 42.0 38.3 1.80 4.2 45.3 39.0 21.8 2.04 6.3 28.8 54.0 29.4
SE 0.02 0.7 2.0 1.4 1.5 0.21 0.3 2.1 2.3 1.8 0.24 0.4 1.6 1.4 1.1
Lumulumu 22 2.33 6.5 23.6 34.8 17.5 1.82 4.5 47.5 32.3 25.8 1.98 7.9 12.4 71.1 42.7
SE 0.02 0.9 0.6 3.5 0.8 0.04 0.3 3.7 3.9 1.5 0.02 0.2 1.2 2.6 2.5
Karang Kassi 27 2.45 17.8 38.4 16.2 20.4 1.89 24.2 27.0 15.9 4.5 2.21 18.1 24.3 31.6 31.0
SE 0.02 4.2 2.7 1.0 3.4 0.08 4.7 2.8 0.6 1.0 0.01 7.3 1.2 3.5 2.9
Kapoposang 55 1.39 3.3 17.3 55.8 8.6 1.75 8.3 25.8 50.7 8.6 1.83 6.2 23.7 47.9 15.4
SE 0.34 0.4 0.8 1.3 1.3 0.01 0.2 2.8 1.8 0.9 0.14 0.3 2.4 2.5 0.8
Average benthic cover was assessed as biotic cover, structure and rugosity and totals do not equate to 100%. Please note that rugosity is not measured as a percentage but rather as
the ratio of the length of the extended chain to the length of the chain fitted to the benthos.
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FIGURE 5 | Relationship between the benthic condition PC (benthic PC1),
reef builders (blue) and algae (yellow-red) showing all transects with greater
distance from shore indicated by darker colors. This shows the opposing
relationship of the two benthic groups with benthic PC1.
As shown in Teichberg et al. (2018), water quality parameters
correlated with distance from shore and similarly did the
benthic community (PC1benthic, algae, reef builder, rugosity).
In a bi-plot defined by PC1benthic and by water quality
(PC1water), the islands followed an order determined by distance
to shore so that pronounced regions (nearshore, mid shelf,
outer shelf) could be identified (Figure 6). When combined
with fish indices, the pattern confirms greater complexity of
fish communities along the distance gradient, however with
obvious yearly variations (Figures 2–4). Water quality (PC1water)
discriminated among nearshore reefs (LL, SL but also for
BO and BA in 2012), whereas benthic condition (PC1benthic)
discriminated sites along the entire gradient. The clustering
was more spread for nearshore reefs (and partly mid shelf
islands), indicating a higher variability and e.g. reaction to
local biotic disturbances (CoTS outbreak). Thus, linking water
quality with benthic community data analyses reveled a clear
pattern for fish health indicators increasing with distance from
shore.
DISCUSSION
We predicted that the coral reef fish communities of
the Spermonde Archipelago would be sensitive to acute
perturbations, and we anticipated that there would be differences
in assemblage structures related to the on-to-offshore gradient
displayed in the benthic habitat. Indeed there was a significant
change in fish assemblage structure (i.e., species composition
and their abundances) in 2013 coinciding with the outbreak
of the live coral predator, CoTS (Plass-Johnson et al., 2015b).
Additionally, within a year, there were significant differences in
fish communities among groups of sites related to their distance
from shore and in some instances, this variation was determined
by a limited set of species.
When comparing differences in fish communities between
2013 and the other 2 years (2012 vs. 2013, 2013 vs. 2014),
five species contributed to differences for both year pairings
FIGURE 6 | Relationship of PC1s from independent benthic community
(Figure 5), water quality (Supplementary Figure 4), and fish indices
(Supplementary Figure 5) PCAs. A higher score on the benthic PC1 indicates
communities with relatively high cover (%) of reef builders while low values
indicate high cover of algae (Figure 5). A high value on the water quality PC1
indicates better water quality (i.e., low dissolved organic carbon and
chlorophyll a and high oxygen). The size of the bubbles represents a relatively
higher score on the fish PC1 indicating higher values in most fish community
indices or, a healthier fish community. The numbers within the bubbles
represent the year of sampling (2012: 12, 2013: 13, 2014: 14). Dashed lines
indicate groups of sites relative to distance from shore (blue = nearshore,
green = mid-shelf, and red = outer-shelf) providing visual interpretation. These
groups are loosely based on Renema and Troelstra (2001), however Samalona
was grouped with Laelae because values were similar, while Kapoposang was
defined as the sole outer shelf site because its fish communities composition is
distinct.
(Pomacentrus aurifrons, Pomacentrus alexanderae, Pomacentrus
adelus, Chrysiptera rollandi, and Scarus flavipectoralis).
Moreover, in this study we could identify groups of fish species
that displayed a relationship to the on-to-offshore variation in
benthic structure, while other groups displayed more localized or
stochastic patterns. In all 3 years, species group A was generally
abundant across all sites. The species associated with species
group Awere generally dominated by the families Pomacentridae
(damselfishes) and Labridae (wrasses), and this species group was
significantly related to all benthic components (PC1benthic and
PC2benthic) in 2012 and 2013. This relationship was not evident
in 2014, suggesting that the species composition and abundances
of this group, which changed after strong acute disturbance, was
not strongly related to the habitat. In 2013, the separation of site
group 2a from site group 2b was largely driven by the loss of rare
species (in that year, 43 species fell above the cut-off, as opposed
to 66 in the previous year). The two sites comprising this new
group were the most impacted by a loss of critical, live coral
habitat due to the CoTS outbreak (Plass-Johnson et al., 2015b).
The communities from the farthest site from shore were
never associated with other sites, underlining the unique fish
assemblage at KP [2012 and 2013 = species group F(12, 13),
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2014 = species group D14]. In 2012 and 2013 this species
group was related to the PC1benthic and likewise, some of the
species, a mix of anthias, acanthurids, pomacentrids, labrids,
and balistids, are associated with seaward reefs with high coral
cover (Allen and Erdmann, 2012) while also sharing many of
the most dominant species (e.g., Ctenochaetus striatus, Chlorurus
bleekeri, Chrysiptera rollandi, and Thalassoma lunare) with the
other sites. Separation of the nearshore site, LL (group site 1),
was most likely driven by the relatively low number of species
and their abundances found there. This was the only site that
had a proportionally high number of species from the labrids, a
group that is generally robust to conditions of low coral cover and
high sedimentation (Osenberg et al., 2004) due to its reliance on
infauna as sources of nutrition (Kramer et al., 2015).
Relationships between individual species and the benthos may
help to understand the consequences for reef fish assemblages
under continued or intensified degradation of the reef system.
While fish species related to PC1benthic are likely to be affected
by processes that reduce live coral cover, species related to
PC2benthic respond rather to other processes that increase non-
coral species (increases in sponges and algae), and those species
displaying no significant relationship appear to be less dependent
on the benthic components included in our assessment, or
react in complex and non-linear ways. Therefore, the species
related to benthic PCs are most likely to respond to benthic
recovery, while those unrelated are most likely to persist in
the face of habitat degradation, or alternatively, respond in
an unpredictable way. Because of their close relationship with
attributes associated with healthy coral reefs, species with a
positive correlation to PC1benthic may act as potential sentinels
for ecosystem monitoring.
Differences in fishing intensity among sites may result
in differential effects on the reef fish community structure.
Information on the spatial distribution of fishing activity was
not available for the present study. However, a previous study
by Pet-Soede et al. (2001) did not detect effects of fishing
intensity on the spatial structure of reef fish communities
across Spermonde, and effects of fishing are thus assumed
to act mostly via alteration of the benthic habitat. It should
be noted that although we used broad indicators of relative
benthic health (PCA axes) to help interpret the effects of
changing habitat health on fish communities, this study does
not discern among the many potential contributors to habitat
modification/degradation. In the Spermonde Archipelago, blast
fishing (Pet-Soede and Erdmann, 1998a) and boat anchoring
(Edinger et al., 1998) are noted as significant contributors to
benthic degradation. Less-studied but noted additional impacts
include cyanide fishing, localized sewage output from the islands
and boat groundings (Edinger et al., 1998). These can result in
the mechanical alteration of the seafloor and/or directly affect the
fish communities, contributing to an increased rate of mortality
among these organisms. Given that our analysis only considered
spatial and temporal change in the state of benthic organisms, this
study cannot link specific impact types to their effect on the fish
communities, but community indices can provide an indication
of drivers on fish communities (e.g., slope of the log-linear size
spectrum; see section Fish Community Indices).
All fish community indices, besides abundance, were
significantly affected by distance from shore. Fish communities
farther from shore had more larger fishes but also more species
and biomass. The important functional group of herbivores
was also greater in biomass with greater distance from shore.
For two indices, number of species and total biomass, the
effect of distance differed among years. While number of
species showed a general increase across the shelf in 2012 and
2014, that trend was less pronounced in 2013. In contrast, the
increase in biomass away from shore became more pronounced
over the 3 years. A similar trend was apparent for herbivore
biomass. At LL and LU, the community size spectra displayed
steep slopes, reflecting a lack of larger individuals, while the
assemblages at SA, BL, and KP were more equally distributed
among size classes. A decrease of the size spectra slope may
also result from a reduction of juvenile fishes following habitat
degradation (Wilson et al., 2010). The lack of a consistent effect
of sampling year on slope indicates that benthic communities
at the different islands did not show a consistent trajectory
over the years, which is in line with the results of the benthic
PCA. Low intercept values reflect a low community biomass
(Trenkel and Rochet, 2003), and indeed the intercept and
total biomass values showed a similar pattern across the sites
and years. Community biomass was particularly low at those
sites with high fishing pressure (LL, BL, and KA). Biomass
values at several islands were below 200 kg/ha, indicating
severe overfishing with potential negative consequences for
key ecosystem processes (McClanahan et al., 2011). At KP,
biomass values in the last 2 years approached those estimated
for unfished reefs (MacNeil et al., 2015). Together, the different
community indices show a relatively coherent picture of a
gradient in the fish assemblage from on-to-offshore across the
shelf. Yet, they also reflect the patchy nature of the environment
in the Spermonde Archipelago, with some of the reefs along
the gradient displaying degradation of the benthos and fishing
impacts from local anthropogenic factors and the outbreak of
CoTS in 2013.
Overall, the combined results from the multi-year
investigations (Figure 6) confirm the on-to-offshore gradient
is reflected in both the water quality and benthic community
composition, and correlate with the derived fish community
health indicators. Interestingly water quality is more important
to discriminate among nearshore sites. This is consistent with
Gilby et al. (2016), who indicate that water quality outweighs
the influence of marine protected areas in an Australian bay
system. Additionally, the marked on-to-offshore gradient in
water quality corresponds clearly with the benthic communities
of the reef system. In a gradient analysis of Thousands Island
in Jakarta Bay, Cleary et al. (2015) identified a similar gradient
in water quality and benthic community but also emphasize
changes in species composition and their abundances among
sites.
By covering 3 subsequent years our study allows to observe
the eminent variability between nearshore and mid-shelf sites,
and among years as a reaction to recent disruptions, thus
emphasizing the need to conduct long-term monitoring to
distinguish between specific impacts. This study illustrates
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the potential of reefs in the Spermonde Archipelago to react
positively after what seems to be acute disturbances. Although
a previous study identified a CoTS outbreak in 2013, we are
not able to identify this as the primary source of change in
the benthic community. Destructive fishing practices and/or
anchoring could also contribute to the observed patterns in
the benthic and fish communities. To analyze the potential for
recovery, and the overall ecological trajectory as a response
to changes in the environment and resource use, long term
monitoring is needed (Glaser et al., 2018). Here, those species
identified as sensitive to changes in reef builders may be used for
identifying changes in the reef ecosystem. Through the analysis of
the on-to-offshore gradient and multi-year character, this study
fills an intermediate gap about variation in fish communities
and thus contributes important, fundamental knowledge on
the fish community structure in the Spermonde Archipelago; a
baseline that could contribute to future monitoring work. This
is especially important in a system that receives severe direct
and indirect human pressure common to many reef systems of
South-East Asian islands.
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